Securing users' safety is a prerequisite for any Virtual Reality (VR) experience no matter in which kinds of circumstances. In this work, we present two Augmented Virtuality interfaces that integrate the depth sensing of surroundings into the VR scene for safety precaution, 1) 3D virtual grid with monochrome, and 2) 3D virtual grid with color based on depth values. The audience of this demo can participate via wearing the HTC Vive Pro 1 headset and walk around in the playing areas with pre-placed furniture. When users walk in the testing zones with potential obstacles, different 3D virtual safety grid mentioned above will be triggered to visualize the physical environment to remind them of the possible collision.
INTRODUCTION
Virtual Reality (VR) technology provides a computer-generated immersive three-dimensional (3D) environment, in which the user can interact with virtual objects in real time and walk naturally with the assistance of locomotion techniques. However, because of the fully immersive design of VR headsets without visual cues of the surroundings, the free walking with VR headsets may result in people colliding with obstacles of their environment and cause serious physical injuries. Thanks to the advent of advanced VR headsets that support 6 degree-of-freedom (DoF) orientation and position tracking of users' head and handheld controllers, users can easily navigate themselves in the virtual environments (VEs) by physically walking. However, this strength of the real walking locomotion technique becomes a drawback when taking safety issues into consideration. When people wear a headset, their viewpoint is entirely blocked, and their strong feelings of presence in VEs take over, which makes them much more possible to collide with real-world objects [3] . To improve the VR interaction safety, typical safety walls textured with the grid, such as HTC Chaperone 2 and Oculus Guardian 3 , are widely adopted by most VR systems to remind VR users the safe interaction boundary. However, it cannot provide detailed geometrical information of the surroundings, and limit users in a small interactive space. To solve this problem, we introduce two novel interfaces designed to improve safety precautions with depth sensing techniques for virtual interactions. Our methods are using the pre-scanned wireframe to deliver the geometrical information of physical environments for users in VEs, including furniture in the playing areas, walls, ceilings and other things, which might cause the hazard. Unlike the widely used polygonal virtual grid walls (as shown in Figure 1e ), which will only show up when participants walk close to the edge of playing areas. Once users approach the dangerous zones of obstacles, which may even be laid in the middle of the room, our 3D interfaces, will be triggered to visualize objects with the wireframe for noticing users to avoid collision. Furthermore, colors of different parts of the wireframe will change in real time according to the depth value. This helps users to percept the distance information between themselves and obstacles in the real world and to be aware of which objects are closer and more dangerous that needs extra attention during the interaction.
RELATED WORK
Some virtual safety metaphors have been proposed and implemented by researchers, such as the Magic Barrier Tape [1] , Constrained Wands and signs [2] , Extended Magic Barrier Tape and Virtual Companion [2] for assisting users to avoid obstacles in the real environment and reducing the chance of the occurrence of collisions while wearing VR headsets. They all have the functionality of preventing people from colliding with physical boundaries. However, their participants were only requested to walk a small distance in an open space, so more studies for large walking areas with obstacles may have to be carried out. Virtual safety walls textured with the grid are widely employed by VR products, such as the HTC Chaperone and Oculus Guardian. While users are in room-scale mode and they approach the predetermined boundaries, they can see the virtual safety walls from the VR scene. The default warning grid wall (Figure 1e ) is simple and less interruptive for users from an immersion perspective. However, it cannot display the information of objects outside or inside boundaries, which can be useful for users in some cases. For example, when players are using their hands to finish shooting tasks in VR games, they can make use of the space above tables which may be placed on the edge of the playing area. If they can access this information, they can still finish the shooting tasks without any concern about hitting the obstacles when the grid wall appears. Eddie Lee from Funktronic Labs reported that when a tall tester was hitting balloons in VR, the controller accidentally beat the real-life ceiling light because there was no virtual wall showing the height of the ceiling 4 . For some users, the style of grid walls is not so obvious, and they may forget it while being too focused on the VEs. Apart from that, advanced virtual safety interfaces, named Tron Mode, demonstrating outlines or partial images of real objects for safely guiding users have been implemented in the HTC Vive system. Compared with virtual grid walls, users can have a better understanding of their surroundings thanks to this safety system. The problem of this interface is its disruptive appearance with no spatial information, so there is a need to simplify its visual form and add spatial depth perception. No matter for the virtual grid wall or the Tron Mode 5 , their significant weakness is they all limit users in a specify playing area and can only detect obstacles which are located on the boundary. Other obstructions placed in the playing areas would be huge hazards while being invisible to users.
INTERFACE DESIGN
We use the HTC Vive Pro headset as our demonstration VR device, which supports 6 DoF motion tracking and contains stereo camera-based depth sensing for spatial environment scanning. Our two 3D virtual safety interfaces are developed based on these features. In specific, the HTC Vive Pro is able to scan objects in the real world and save them as static meshes, and then we improve these 3D meshes by applying the grid texture and assigning different colors to create two warning interfaces, 1) 3D monochrome grids, and 2) 3D colored grids. Meanwhile, instead of displaying the warning meshes when players approach the edge of a playing area, the meshes will become visible when collisions happen. A cylinder collider used to represent the user is attached to the headset position for the collision detection with the surrounding grids in VEs. When the cylinder collides with the grids, the safety interfaces will become visible to the player to remind them approaching obstacles around. When it exits, the safety interfaces will become totally transparent.
3D Grids Generation
The default static meshes generated by HTC Vive Pro consist of multiple pieces but not a single one, and these meshes overlay with each other. It causes problems when running the collision detection function in the Unity, if they are used as game object directly. Therefore, for better performance, we import these meshes into the blender and join them together to allow them work as a single 3D mesh (Figure 2 ) in Unity.
3D Monochrome Grid
We put on a 3D wireframe with a solid color to the 3D grid and augment it into the VEs (Figure 1b) , in which the wireframe retains the geometrical data of the environment while not blocking the virtual content from the player? viewpoint.
3D Colored Grid
Based on the 3D monochrome grid interface, we apply different colors on different grid parts according to the distance value between the player and the obstacles, which is calculated by using the stereo front camera for depth sensing. The user will see the 3D colored grid (with the color spectrum from red to blue) and understand the object information with more accurate depth perception to reduce or avoid any potential stumble. For example, the red part on the screen means the user is too close to the object (Figure 1c & d) , and extra cautions are required during the interaction.
Fade Effect
From the result of the previous research, the sudden appearance of the safety interfaces caused unpleasant feeling of players [4] . In addition, the existing virtual grid wall can gradually appear or disappear according to the player's position. To ensure that our interface can provide the same user experience as the existing ones and reduce users' uncomfortable levels, we add the fade effect to the interfaces by increasing or decreasing the opacity value when the cylinder collider enter or exit.
CONCLUSION
In sum, we have implemented two novel VR safety interfaces that integrate the depth sensing of the real environment into the VR scene. These interfaces provide users with more detailed geometrical information of the surroundings and warn them if they step into the dangerous zones of the physical obstacles, no matter the locations of those obstacles. With this design, even though users do not clean up the playing areas, they can still avoid collision with the assistance of our interfaces and freely enjoy VR games at their places. In the next step, we plan to combine current pre-scan method with real-time scanning to detect the moving people around and update the pre-scanned wireframe to represent the change of the environment as well. We will also study whether users can effectively interactive with objects in the real world under the help of these interface, when they are exploring the virtual environment.
